Abstract Seasonal variations in ozone (O 3 ) and the impact of the East Asian summer monsoon at Mount Waliguan (WLG) in the northeastern Qinghai-Tibetan Plateau (TP) and in the surrounding regions were analyzed for 1997-2007 using a global chemical transport model coupled with O 3 tagging simulations. The model-simulated O 3 and its precursors agreed well with observed values. An O 3 budget analysis combined with O 3 tagging results implied that photochemistry over the TP and long-range transport of O 3 from East Asia, Europe, and Africa were responsible for the surface O 3 summer maximum at WLG. In June, the contribution of O 3 from the TP was 11.8 ppbv, and the total contribution of O 3 transport from eastern China, Japan, Korean Peninsula, Europe, and Africa was 22.7 ppbv. At 400 mb, the O 3 exports from the stratosphere, Europe, Africa, and the Americas seemed to be the main sources of O 3 at WLG. The contributions to surface O 3 from deep convection process and lightning-induced photochemistry at WLG were both low in summer and are unlikely to be the key processes or contributors for the O 3 peak. At several mountain sites in southeast East Asia, the increasing summer monsoon index was related to a decreasing trend for O 3 from spring onward at Mount Tai and Mount Huang. At Mount Hua and WLG, regional O 3 accumulated over the monsoon's northernmost marginal zone under the influence of the East Asian summer monsoon and TP thermal circulation; this is most likely a key reason for the O 3 summer maxima.
Introduction
Tropospheric ozone (O 3 ), an important greenhouse gas, pollutant, and a precursor for highly reactive radicals, has two sources: downward transport from the stratosphere and in situ photochemical production in the troposphere from oxidation of CO and volatile organic compounds in the presence of nitrogen oxides (NO x ) [Danielsen, 1968; Logan, 1985; Oltmans and Levy, 1992] . The relative importance of these two sources can vary geographically and seasonally [Mauzerall et al., 1996] , and their combined effects control the seasonal variation of tropospheric O 3 . Observations have shown that surface O 3 reaches a spring maximum in most remote areas of the Northern Hemisphere [Monks, 2000; Wild and Akimoto, 2001; Pochanart et al., 1999 Pochanart et al., , 2002 Pochanart et al., , 2003 He et al., 2008] .
In contrast to the O 3 spring peak in most remote areas of the Northern Hemisphere, a wide summer maximum in surface O 3 has been observed at Mount Waliguan (WLG, 36.28°N, 100.9°E, 3810 m above sea level) on the northeastern Qinghai-Tibetan Plateau [Tang et al., 1995; Zhu et al., 2004; Wang et al., 2006; Li et al., 2009; Xue et al., 2011] . The atmosphere in this region is relatively unaffected by anthropogenic activities on the Asian continent because of its unique geographic nature, sparse population, and the minimal industrial activities in western China . Analyses of O 3 together with tropospheric and stratospheric tracers such as water vapor, CO, nonmethane hydrocarbons Ding and Wang, 2006] , and negative in summer in previous studies of WLG [Ma et al., 2002; Zhu et al., 2004; Li et al., 2007] . Recently, Xue et al. [2013] showed that the net photochemistry result was O 3 production during both late spring and summer at WLG. This was in contrast to previous studies that suggested net ozone loss. Xue et al. [2013] also revealed that the difference in NO levels seemed to be the key factor leading to these contrasting conclusions. Research from WLG provides a critical test of our understanding of ozone, as it lies directly between the highest points on Earth and adjacent to the most densely populated/polluted regions, with meteorology influenced by both plateau flow and the East Asian monsoon. Additionally, the origin of the elevated summertime surface O 3 at WLG is still an unresolved scientific debate.
The ozone budget has been intensively investigated using model outputs [Emmons et al., 2003; Li et al., 2007; Wild, 2007] . Tagged tracer approaches have been used to differentiate the roles of transport from various selected regions around the globe in O 3 distribution [Wang et al., 1998b [Wang et al., , 1998c [Wang et al., , 1998d Grewe, 2004; Sudo and Akimoto, 2007; Emmons et al., 2012] . To better understand the sources of surface O 3 over East Asia, especially at WLG, this study combines a quantitative analysis of the O 3 budget with a tagging approach, implemented with the 3-D chemical transport model (CTM) MOZART-4 (Model for Ozone and Related chemical Tracers, version 4). We then compare the results with those from other similar remote locations around the world. Our results will improve understanding of the relative importance of physical and chemical processes for the O 3 budget and clarify the O 3 contributions from different regions worldwide. The impact of the East Asian summer monsoon (EASM) and the quantitative contributions of deep convection and lightning to the O 3 budget are also investigated.
Data and Model Output

Site and Data Descriptions
Observations have been made for many years at WLG and the surrounding mountain sites. The WLG hosts a World Meteorological Organization (WMO) Global Atmosphere Watch (GAW) Baseline Observatory on the northeastern part of the Qinghai-Tibetan Plateau (TP). 76 .98°E, 1640 m above sea level) is a GAW station in Kyrgyzstan, located in the region upwind of WLG except in summer, and represents the background air conditions of central Asia. Mount Hua (34.49°N, 110.09°E, 2064 m above sea level), Mount Tai (36.25°N, 117.1°E, 1533 m above sea level), and Mount Huang (30.13°N, 118.15°E, 1836 m above sea level) are classed as regional background stations for China. Mount Hua, located to the west of east central China, hosts the nearest mountain station to WLG. Mount Tai is located in the highly polluted region of the north plain in China [Suthawaree et al., 2010] . Mount Huang, located in southeastern China, is about 280 km southwest of the Yangtze Delta region [Li et al., 2007] . The locations and observation periods for these sites are listed in Table 1 . We also used the tropopause height and tropospheric column O 3 data from the National Center for Environmental Prediction (NCEP, http://www.esrl. 
Model Description
MOZART is a global CTM for the troposphere that has been extensively used in previous studies. Detailed evaluations have been made by comparing MOZART results with observations from ozonesonde, aircraft, and surface monitoring stations, and the output data have been shown to simulate the concentrations of tropospheric O 3 and its precursors reasonably well [Horowitz et al., 2003; Pfister et al., 2008a Pfister et al., , 2008b ; Emmons et al., Hou et al., 2013] . We used version 4 of MOZART in this study, which is described and evaluated in great detail in Emmons et al. [2010] .
The transfer of O 3 from the lower stratosphere strongly influences the seasonal variation of O 3 in the upper and middle troposphere. This transport is typically associated with tropopause folds. Therefore, the parameterization of the tropopause is important in researching the intrusions of stratospheric O 3 into the troposphere. In this study, we defined a mixed tropopause in MOZART-4 as a dynamical tropopause poleward of 30°and as a thermal tropopause equatorward of 20°. Between these latitudes, the two definitions were linearly interpolated. This mixed tropopause was also used by James et al. [2003] . MOZART-4 was run with the standard chemical mechanism (see Emmons et al. [2010] 
Experiments
Wu et al. [2009] showed that estimates of ozone contributions are significantly different when estimated by removing all the emissions in a source region, in comparison to making small perturbations in the emissions, owing to the nonlinearity of ozone photochemistry. To some extent, tagging methods can decrease errors caused by nonlinearity. In this study, a tagging experiment (listed in Table 2 . The rest of the air column was then classified as "Rest." The eastern boundary line of the TP region in Figure 1 was divided according to the steep increase of the NO emission rate east of WLG. 
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Lelieveld and Crutzen [1994] suggested that deep convection plays an important role in the vertical redistribution of ozone in the troposphere. To further reveal the influence of deep convection on O 3 , we programmed one experiment that did not include deep convection for O 3 and its precursors. By comparing the results to the standard simulation without neglecting deep convection, the contributions of deep convections to O 3 over the Asia region were estimated.
Xue et al. [2013] revealed that the NO level is the key factor leading to the photochemical production of surface O 3 at WLG. Lightning emission is one of the main sources of NO x in the troposphere. In this study, we carried out an experiment excluding lightning emissions. The influence of lightning as a source of O 3 was then estimated by comparing the result to a control run that included lightning emission.
Results and Discussion
Model Validation
The observed and simulated monthly mean chemical species and tropopause height at WLG are shown in Figure 2 . The seasonal characteristics of surface O 3 , high in summer (peak in June) and low in winter, were stable over the 11 years, which was also revealed by Deliger and Zhao [2007] . MOZART-4 generally matched the observed CO, CH 4 , and the surface and tropospheric column O 3 concentrations within reasonable error ranges. The underestimation of simulated monthly NO may have been due to the coarse horizontal and vertical resolution of the model. The error in observed NO values may also account for the differences between the simulation and observations. The simulation of the tropospheric column O 3 concentration compared more favorably to OMI/MLS in summer than in winter when there was a 10 Dobson unit (DU) overestimation. There are some uncertainties in the study of O 3 for an exact site by a global chemical transport model owing to its low resolutions. The choice of sampling altitude may also affect the evaluation of simulated results at the surface. In the model, the terrain height at WLG is 2.5 km, while the observational height of WLG in reality is 3.8 km. Therefore, the simulated data were sampled at a model layer approximately 1.3 km above the surface. In summary, the simulations of the seasonal variation at WLG are significant and the concentration levels of O 3 and its related species are reasonable.
One key point in the current debate on O 3 sources is the impact of stratospheric intrusions on surface O 3 on the TP. In order to assess the ability of MOZART-4 to simulate stratosphere-troposphere exchange, we compared the simulated tropopause height with NCEP reanalysis data ( Figure 2d ). The result shows that MOZART-4 reproduced the summer maximum pattern in the tropopause height with a small overestimation. The tropopause at WLG is at In NCEP data, the tropopause is identified by the lowest level above 450 mb where the temperature lapse rate ÀdT/dz becomes less than 2 K/km (http://www.esrl.noaa.gov/psd/data/gridded/faq.html). The overestimation may have been due to the differences in the tropopause calculation methods between NCEP and MOZART-4, and the coarse vertical resolution in the dynamic field of MOZART-4. The OMI/MLS data have a latitude-dependent error that could not be corrected by a simple calibration correction [Ziemke et al., 2011] , although the calibration was effective near the equator (http://disc.sci.gsfc.nasa.gov/ acdisc/TOMS). The OMI/MLS tropospheric column O 3 concentration at Issyk-Kul may include a larger error, especially in winter, due to its high latitude. This error is also found in other models [Ziemke et al., 2006] . This error may have been responsible for the 20 DU difference between OMI/MLS and the simulated result. Moreover, some researchers have pointed out that the errors in column O 3 from satellite data also affect the variation of column O 3 , which may partly explain the seasonal variation in the difference between OMI/MLS and the simulation [McPeters and Labow, 1996; Zheng and Wei, 2010; Ziemke et al., 2014] . The simulation of tropopause heights matched the results of NCEP, except at Mount Huang where heights were overestimated by 6 km.
The Ozone Budget and Source
In this study, the rate of change of O 3 concentrations in the boundary layer are expressed as shows each of these components of the O 3 budget for WLG. In the middle and upper troposphere, the components of the O 3 budget are Chemistry, Advection, Convection, and Diffusion (see the discussion in section 3.2.2).
Boundary Layer Results
The result from Xue et al. [2013] , based on an observation-constrained photochemical box model, suggested that net photochemistry was the source of the net O 3 production in summer. This result differed from previous studies [Zhu et al., 2004; Li et al., 2009] that suggested a net O 3 loss in summer at WLG. In this study, the net chemistry at WLG was positive and had a maximum of 2.3 ppbv/d in June (shown in Figure 4a ). This is in accordance with the study of Xue et al. [2013] . The transport of O 3 , especially through advection, also plays an important role in O 3 seasonal variations. As shown in Figure 4a (top), the O 3 advection flux was highest in summer at approximately 2.0 ppbv/d, and low in spring and autumn. In the vertical direction (Figures 4b-4d ), the change of advection is significant from May to June in the boundary layer. Above the boundary layer, the seasonal variation in advection is inconspicuous. This reveals that the seasonal variation of advection in the horizontal direction may be more important than that in the vertical direction in the boundary layer. Figure 5 shows that the largest contribution to surface O 3 was from the stratosphere in winter, which is similar to findings from studies of other regions in the Northern Hemisphere [Roelofs and Lelieveld, 1997] . In summer, the large contribution of advection (shown in Figure 4 ) to O 3 was predominantly due to O 3 export from the eastern region, as shown by the large contribution of EAST-BL via long-range transport (LRT) in Figure 5 Figure 6a and the discussion in section 3.2.2) and the westward spread of high O 3 concentration in the eastern region (see the discussion in section 4.2). The sink of surface O 3 at WLG was due to dry deposition, and the dry deposition reached a maximum of 4.9 ppbv/d in June.
In order to quantify the source region of boundary layer O 3 at WLG, a tagging O 3 experiment (summarized in Table 2 ) was performed. The result of the tagging experiment is shown in Figure 5 . The contribution of O 3 exports from the boundary layer of eastern China, Japan, and the Korean Peninsula (EAST-BL) was lowest in winter, 1.2 ppbv, and increased in early spring, reaching a maximum of 11.1 ppbv in July. From May to June, there was a rapid increase, from 4.4 to 8.4 ppbv. The stratospheric contribution of O 3 (Strat) was 15.4 ppbv in January and decreased from January to August. By LRT, the contributions of O 3 from the free troposphere of Europe, Africa, and central Asia (EUA-FT) and the boundary layer of Europe and Africa (EUA-BL) had small amplitude seasonal variations of approximately 5-7 ppbv and 2-4 ppbv, respectively. The contribution from the TP boundary layer had a maximum in summer of approximately 10.2 ppbv, and a minimum in winter of approximately 2.7 ppbv. Although each contribution of O 3 from the boundary layer (BL) and free troposphere (FT) of the Americas (AM-BL and AM-FT), central Asia (CAS-BL), Siberia (SIB-BL and SIB-FT), Southeast Asia-Australia (South-BL and South-FT), and the Rest region (Rest-BL and Rest-FT) was relatively low, the combined contribution was roughly 24.4% of the total ozone (approximately 12.8 ppbv) in summer. In winter, this contribution reached 33.0% (approximately 14.4 ppbv). In decreasing order, the contributions to the O 3 peak at WLG in June were as follows: TP-BL (9.4 ppbv), EAST-BL (8.4 ppbv), Strat (8.0 ppbv), EUR-FT (7.4 ppbv), EUR-BL (4.8 ppbv), AM-FT (3.6 ppbv), TP-FT (2.4 ppbv), and EAST-FT (2.1 ppbv). Contributions below 2 pbbv are not listed. In winter, Strat was the key contributor, reaching 14.8 ppbv or approximately 34.0% of the total ozone. Figure 6a illustrates the model-simulated vertical distribution of O 3 mixing ratios from January to December at WLG. It is clear that the O 3 concentration increased with altitude, which is in agreement with previous studies [Liu et al., 1997] . Below an altitude of 10 km, O 3 reached a maximum in summer. At the surface, the O 3 maximum occurred in June; at 3-9 km, it occurred in July. Interestingly, there was a time lag of one month in the O 3 maximum at higher altitudes: what is the cause of this shift in the O 3 peak to July in the middle and upper troposphere? As shown in Figure 6c , stratospheric O 3 was the largest contributor among the tagging regions, with a winter maximum of 27.4 ppbv and a September minimum of 14.9 ppbv. The O 3 exports from EUA-FT were the second largest contributor, with a summer maximum of 15.1 ppbv and a winter minimum of 6.5 ppbv. The export of EUA-FT partly contributed to the O 3 July peak at 400 mb. The contributions of EUA-BL and AM-FT both had insignificant seasonal variations, and their yearly average values were 4.2 ppbv and 6.7 ppbv, respectively. Additionally, the contributions of O 3 from central Asia (CAS-BL), the TP (TP-BL and TP-FT), and the eastern region (East-BL and East-FT) were lower but had summer maxima of 2.7, 3.1, 3.5, 2.1, and 2.5 ppbv, respectively. In summary, the total O 3 contribution of central Asia, the TP, and the eastern region reached 13.9 ppbv at 400 mb above WLG. The difference in the total O 3 contribution between summer and winter was approximately 10.6 ppbv, and this difference can partly account for the O 3 July peak. We conclude that the O 3 exports from the stratosphere, Europe, Africa, and the Americas were the main sources of O 3 at 400 mb above WLG, and the total O 3 contribution from central Asia, the TP, and the eastern region partly accounted for the O 3 July peak at 400 mb.
Results at 400 mb
Ozone Sources at Other Mountain Sites
It is of interest to compare the levels of surface O 3 at WLG with other high-altitude stations in northern midlatitudes. Figure 6a is the tropopause at WLG. Advection, Convection, Diffusion, Net Chemistry, and Dry Deposition in Figure 6b are defined at the beginning of section 3.2. The abbreviations of the tagged species in Figure 6c are defined in Table 2 .
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The O 3 at Issyk-kul and Mount Hua had similar seasonal variations to the O 3 at WLG and showed one peak in summer. At Mount Tai and Mount Huang, surface O 3 showed two peaks in June and September/October and a summer trough in July/August. The simulated results captured the different O 3 seasonal variations at Issykkul, Mount Hua, Mount Tai, and Mount Huang well. From the analysis of the tagging experiment, we found that the contribution of CAS-BL to surface O 3 at Issyk-kul was the largest at approximately 15.5 ppbv in summer. The second largest contribution was EUA-FT with a peak of 9.2 ppbv in summer, and the third largest was Strat at 4.7 ppbv in summer. At Mount Hua, Mount Tai, and Mount Huang, the contribution of EAST-BL was the largest, above 50% in summer. EAST-FT was the second largest contributor, above 5 ppbv in summer. The contribution of stratospheric O 3 was above 10 ppbv in winter, approximately 6 ppbv higher than in summer. The Rest contribution was small. Compared with the O 3 source region at Mount Hua, Mount Tai, and Mount Huang, the influence of EAST-BL on O 3 at WLG was not as large as at the three mountain stations, reflecting the background atmosphere characteristics at WLG, which are less affected by direct anthropogenic activity and EASM (refer to section 4.2). On the other hand, the effect of EUA-FT on O 3 at WLG was less than that at Issyk-Kul owing to the longer transport paths to WLG.
The Effect of Meteorological Factors on O 3
4.1. The Contributions of Deep Convection and Lightning Lelieveld and Crutzen [1994] revealed, in a simulation including the effects of convection, that the troposphere contained 62 Tg/yr less O 3 than for a simulation that did not include these effects. This value is roughly equivalent to 6 DU or approximately 20% of the O 3 column in the troposphere without convection. Our simulated result in Figure 8 shows that deep convection caused a decrease in O 3 in the upper troposphere and low stratosphere at WLG, while it caused an increase in the lower atmosphere. This also can be seen from the vertical budget in Figures 4b-4d . At lower levels, convection plays a positive role, which indicates inflow of O 3 from the upper regions; in upper levels, it plays a negative role, which indicates outflow of O 3 . This is in accordance with the results of Lelieveld and Crutzen [1994] . In June, the increase of O 3 at the surface can reach approximately 2 ppbv (Figure 8 ). In July and August, the increase is weaker than in June, below 2 ppbv. Qie et al. [2014] pointed out that deep convection systems over the Tibetan Plateau are relatively weak in Table 2 .
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convective intensity and small in size. The relatively weak and small deep convection may be the reason for the relatively low contribution to surface O 3 at WLG. Therefore, deep convection has an influence on the surface O 3 peak at WLG but is probably not the key process.
The magnitude and distribution of NO x from the global lightning source are very uncertain, and estimates for the magnitude range from 2.8 Tg N/yr [Beirle et al., 2004] to 12.2 Tg N/yr [Price et al., 1997] . Most studies estimate the total NO x production by lightning to be close to 5 Tg N/yr [Wang et al., 1998a; Tie et al., 2002; Ridley et al., 2005] . In this study, the global lightning source was scaled to 4 Tg N/yr with vertical profiles specified according to Pickering et al. [1998] . As shown in Figure 9 , the effect of lightning on O 3 was concentrated in the upper troposphere in summer at WLG, with a maximum of 10 ppbv. This is mainly due to the high lightning frequency in summer and the concentrated location in the upper troposphere. The contribution of lightning to surface O 3 was relatively low, about 2 ppbv, and showed some slight seasonal variation. Therefore, lightning is also unlikely to be the main reason for the O 3 summer maximum at WLG.
Seasonal Variation of O 3 in Relation to the Summer Monsoon Index
Over most of East Asia, the spatial distributions and seasonal patterns of O 3 in the boundary layer are strongly impacted by the summer monsoon [He et al., 2008; Hou et al., 2014] . The northeastern TP, including WLG, is located in the monsoon's northernmost marginal active zone [Qian et al., 2009; Wu et al., 2015] , where the seasonal variations in winds are controlled by TP thermal effects and the EASM. Additionally, the EASM has a limited influence at WLG compared to eastern China. In this study, a dynamical normalized seasonality monsoon index (MI) developed by Li and Zeng [2003] was used to reveal the influence of the summer monsoon on O 3 seasonal variation in the boundary layer of East Asia. The definition of the MI is based on the intensity of the normalized seasonality of the wind field. It reflects the wind direction change relative to the winter condition and was also used by He et al. [2008] and Yang et al. [2014] . Figure 10 shows the modeled mean geographical distributions of O 3 concentrations, the wind vectors, and the MI in the boundary layer (0 to approximately 2 km) over Asia during May, June, July, and August. The MI maximum in summer reveals the prevailing south/southeast wind of the summer monsoon. In May, the summer monsoon was established over the South China Sea. The prevailing southerly wind led to the large latitudinal gradient in the O 3 concentration over this region [Hou et al., 2014] . Over Mount Huang, located at the northern edge of the monsoon region, the O 3 concentration was more than 54 ppbv. Over Mount Hua, WLG, and Issyk-Kul, far from the EASM onset region, the O 3 concentration was less than 48 ppbv. In June, the MI became much larger, and the summer monsoon penetrated northward and westward, the latitudinal O 3 gradient became steeper, O 3 concentrations over Mount Huang decreased to 46 ppbv, and high O 3 concentrations (>54 ppbv) moved northward to the north of Mount Tai. From spring to summer, the surface sensible and latent heating increased significantly over the TP owing to its function as a strong, large, and elevated heat source, and a cyclonic circulation was induced near the lower troposphere. The surrounding airflows converge in the TP area and the airflows of the northeastern TP, which are controlled by TP cyclonic circulation and the EASM, are both southerly and easterly flows in summer [Qian et al., 2009; Wu et al., 2015] . At WLG, the winds turn from strong northwesterly winds to weak southeasterly winds. Although the impact of the summer monsoon at WLG is limited, the change of wind directions is significant ( Figures S2 and S3 in the supporting information). Therefore, under the influence of the EASM and TP thermal circulation, O 3 and its precursors were pushed northward from southeast China and accumulated regional O 3 over the monsoon's northernmost marginal zone, leading to the low O 3 concentrations at Mount Huang and the O 3 maxima at WLG and Mount Hua in June. The impact of the contribution of East-BL can also be seen in Figure 5 . In July and August, the impact of the summer monsoon strengthened, and the contribution of East-BL to O 3 at WLG reached its peak ( Figure 5 ), but the contributions from other regions, such as O 3 transport from the Americas and the stratosphere, decreased.
Conclusions
This study used a global chemical transport model combined with a quantitative analysis of the O 3 budget with a tagging approach to investigate the source of surface O 3 at Mount Waliguan (WLG), on the northeastern Qinghai-Tibetan Plateau, and the surrounding sites. The impact of the East Asian summer monsoon (EASM) and the quantitative contributions of deep convection and lightning to O 3 were also investigated.
MOZART-4 generally reproduced the seasonal behavior of surface CO, CH 4 , NO, O 3 , and tropospheric column O 3 at WLG and other mountain stations in Asia. In the atmospheric boundary layer, the net chemical production at WLG was positive and had a maximum of 2.3 ppbv/d in June, which differed from the studies of Zhu et al. [2004] and Li et al. [2009] but is in accordance with the study of Xue et al. [2013] . O 3 advection transport was highest in summer at approximately 2.0 ppbv/d. Photochemistry and advection played key roles in the O 3 summer maximum at WLG. The tagging approach showed that the contribution of TP O 3 was 11.8 ppbv in June. The total contribution of O 3 from long-range transport from eastern China, Japan, the Korean Peninsula, Europe, and Africa was 22.7 ppbv in June. The O 3 export from the stratosphere was 8.0 ppbv. In winter, stratospheric O 3 was the key contributor, reaching 14.8 ppbv or approximately 34.0% of the total O 3 .
In a similar manner to the surface O 3 , O 3 at WLG reached a maximum in summer below 10 km in the troposphere. At 400 mb, the O 3 peak occurred in July, one month later than the surface O 3 peak. The budget analysis and tagging experiment revealed advectional transport from the stratosphere, Europe, Africa, and the Americas as the main sources of O 3 at 400 mb for WLG. The total contribution of O 3 in central Asia, TP, and the eastern region partly accounted for the O 3 peak in July.
Deep convection caused a decrease in O 3 in the upper troposphere at WLG, but an increase in the lower atmosphere. The effect of lightning on O 3 at WLG was concentrated in the upper troposphere in summer, with a maximum of 10 ppbv. The contributions from the deep convection process and lightning-induced photochemistry to surface O 3 at WLG were both low (approximately 2 ppbv) in summer. They are unlikely to be the key process or contributor for the O 3 summer maximum at WLG.
The summer monsoon has an impact on O 3 seasonal variations over East Asia. At several mountain sites in southeast East Asia, an increasing summer monsoon index was related to a decreasing trend for O 3 from spring onward, which reached an O 3 minimum in July/August at Mount Tai and Mount Huang. Under the influence of the EASM and TP thermal circulation, O 3 and its precursors were pushed northward from southeast China and accumulated regional O 3 over the monsoon's northernmost marginal zone, which may be a key reason for the O 3 maxima at WLG and Mount Hua in summer.
